The so-called characteristic curve describing photosensitivity change is elaborated and shown to be a powerful tool for understanding and characterizing photosensitive growth both at a fundamental and practical level. It has been used successfully to diagnose when optimal hypersensitization has been achieved and the physical basis for this is explained. By way of example, previous results using 355 nm hypersensitization are re-examined. Evidence of single site-selective glass relaxation through direct laser excitation offers a new approach to accessing and studying induced relaxations.
I. INTRODUCTION
With singular uniqueness the model describing hypersensitization and thus properties of glass photosensitivity generally 1-4 has proved extraordinarily successful in predicting new methods to enhance and optimize grating writing for specific functionality, including permanent enhancement of photosensitivity in planar waveguides and fibers both photolytically and thermally; [5] [6] [7] [8] generating gratings with practically zero decay over telecommunication timespans, 9 which simultaneously enabled gratings for high temperature operation; 10 reducing photodarkening to allow fabrication of visible and radiation hardened gratings, 11 reducing or eliminating near IR loss and maximising available gain in hydrogen loaded rare-earth doped gratings for DFB amplifier and laser performance, 12 enabling a novel method for producing 2-D grating and other complex structures; 13 and the reduction of the sensitivity of the grating writing process for grating manufacture.
14 All of these properties are extendable in future activities focussed on fabricating 2D structures by holographic means. 15 Briefly, hypersensitisation is a process that entails initial sensitization of a material through optical or thermal exposure to enhance its photosensitive response for subsequent processing. The ability to achieve this reflects a common memory effect in photoprocessed materials including glass and holographic films. The identification of this ability has. It also provided new insights into photosensitivity including the importance of the role of hydrogen as a catalyst to seed glass change; [1] [2] [3] [4] 16 and led to the experiments that enabled distinction and separation of two types of photosensitivity within an optical waveguide. 17 One emergent feature of this understanding has been the importance of the characteristic curve, typically defined as the plot of refractive index change ͑or optical density͒ vs the natural logarithm of fluence. In optical waveguides the index change is derived from the depicting grating growth or index change evolution as a function of fluence. Imbued within it is a great deal of information depicting the nature and way the glass changes are occurring and provides a methodology for practical implementation of a process designed to enable optimal performance for a device. In this paper I examine this curve and explain some of its physical origins and its success in determining the optimal photosensitive process underpinning hypersensitisation, increasingly apparent as a process that is characteristic of all photosensitive media. Single-site selectivity through laser excitation is demonstrated offering a new and powerful way of controlling and studying relaxation processes in glass.
II. THE CHARACTERISTIC CURVE
As mentioned above, the characteristic curve can be defined as the plot in a log scale of either the index modulation amplitude, ⌬n, or the change in average effective index, ⌬n vs fluence, f. Since the generic characteristics of photosensitivity are what is most pursued, ⌬n is usually employed, although caution is required as the sensitivity of ⌬n to both transient and permanent contributions to index change, including those due to nonlocal thermal and stress fields, differs to that, for example, of the index modulation amplitude, ⌬n mod . Therefore ⌬n mod is sometimes preferred. In studies using laser-written Bragg gratings, ⌬n is obtained as a function of fluence from the observed shift, ⌬, in Bragg wavelength, : ⌬n Ϸ⌬ϫn eff /, where n eff is the glass index. The index modulation amplitude is obtained from the grating strength, R: ⌬n mod ϭ(/L)tanh Ϫ1 ͱR, where is the fraction of light seeing most of the index change and L is the grating length. Whilst the characteristic curve is not limited to any particular component, or indeed to components per se, Bragg grating parameters, when care is taken, have provided straightforward and quite powerful measurands for diagnosing photosensitivity responses ͑and, it is worthwhile noting, their increasing use as measurands for sensor applications͒. Gratings in glass also underpin one of the largest applications of photosensitivity beyond photographic and holographic films in recent times. A schematic plot of a typical Fig. 1 . Note that this curve is similar to the characteristic curve, the optical density vs the log of the fluence, used to describe the photosensitive response of photographic films. 18 However, whereas the purpose of photographic films is to adjust the transparency as a function of optical density ͑a measure of the absorption͒, the purpose in UV processing of optical glasses and waveguides is to change the refractive index through optical or mechanical density changes. Unlike for telecommunications and sensors components where it is desirable to minimize or eliminate any optical density changes in the region of operation, the refractive index changes are not always of importance in image applications. In addition, the optical waveguide is subjected to significant changes in stresses surrounding the mechanically densified region-their impact cannot be ignored. [19] [20] [21] As a consequence, the diversity of response in glass waveguides cannot be accounted solely by photochromic models involving complex reactions. This diversity must take note of the contribution of emergent properties such as thermal and stress optic coefficients, which only come into existence when there is a scale change from individual, to a few and to a collectively large number of molecular species and therefore do not have a unique microscopic origin. 22, 23 However, there are attempts to reduce these collective contributions to various parameters that can be inserted into an essentially microscopic model, primarily to obtain within a generic formula quantitative, even if empirical, agreement with experiments. 24 The work reported here does not attempt this approach; rather it keeps separate microscopic and larger scale properties in order to explain physical origins and to demonstrate both the physical and practical insights the characteristic curve offers.
In the ideal photosensitive response a linear characteristic curve is desirable. The physical basis for a linear response is the existence of only one growth process-the reason why this growth should be characterized by essentially an exponential dependence on fluence is itself extremely important. There is no reason why a growth process should not be linear directly as a function of fluence ͑and not the natural logarithm͒ prior to saturation: that is when energy is put into the system a linear evolution in index change is obtained. However, most observations are that the growth curve can be characterized by one, usually more, exponentials providing evidence that the induced change is not directly dependent on absorption alone but is mostly a consequence of relaxation after photoexcitation. Such exponential relaxations, leading to either higher or lower index, are characteristic of amorphous systems. 25 The ␤ term in the stretched exponential typically used to model the distribution of activation energies describing relaxation through thermal annealing of glasses, 26, 27 for example, is a measure of the number of relaxation processes involved. Implicitly, then, the rate of excitation and possible de-excitation through defects ͑or molecular bonds at very short excitation wavelengths͒ is much faster than the structural relaxation and index change of the local environment. Reported simulation studies of glass networks undergoing sudden excitation ͑typically on a fs time scale͒ indicates that the their subsequent relaxation is dependent on cooling rates after excitation and the densification that follows is therefore considerably slower, 28 primarily determined by diffusive processes. On top of this is the role of saturation and additional responses that either level out the achieved changes, or as is shown in Fig. 1 , reverse the index change. The latter is characteristic of type IIa changes where a negative index change onsets as a result of complicated contributions from stress. [29] [30] [31] This reversal of change is also observed in the optical density measured for exposed photochromic films and glasses 18 and is the origin of solarization ͑where a decrease in the measurand takes place͒ in these media.
Consequently, the relaxation is likely to be diffusive in nature, either through thermal relaxation and/or slow electronic and chemical recombination. These types of index changes involve direct excitation through molecular absorption either at defect sites in the glass ͑in germanosilicate glass typical defect bands used are centred at 180, 240, and 320 nm: with the possible exception of the diamagnetic lone pair oxygen deficiency center at 240 nm, 32,33 these bands are not unambiguously identified͒ or at oxide bonds determining the band edge of the glass at ϳ150 nm. 34 The observed growth curves are usually consistent with this behavior and, without appropriate preparation or the influence of external fields other than the applied irradiation, resemble the schematic of Fig. 1 . However, it should be noted that under special circumstances, certain parameters for which control is desirable and which are dependent on refractive index changes, measured as a function of fluence, can be made to grow directly linear. One example involving external longrange stress fields is birefringence in planar waveguides determined by nonlocal photorelaxation of stress generated from the difference in thermal expansion coefficients between a silicate top layer and a silicon substrate. 35 In this case the photosensitive process enables a linear reduction of birefringence as a function of natural log fluence. The birefringence effectively measures the index anisotropy introduced by the nonlocal stress field and its relaxation upon irradiation leads to significantly much larger changes in index change than the local changes through UV absorption at defect sites. Thus whilst anisotropic, one single exponential relaxation is observed consistent with the dominance of this nonlocal process.
The manufacture of Bragg gratings, or other laserprocessed components, would clearly benefit from having a linear response. Operating in the linear regime of Fig. 1 is typical of any commercial system that may want to automate and simplify the Bragg grating writing process, for example. In practice operating until saturation prior to solarization is necessary because the index changes required are close to or greater than the maximum available. In other words, the dynamic range available over the linear regime is often insufficient for practical devices, increasing the response sensitivity and complexity of any automotive process that would be involved in an industrial environment. In these cases, often the index modulation is plotted since this parameter is of particular interest. The only solution to data has been hypersensitization, a process that is a direct outcome of an improved understanding of the physical origins of index change within an optical fiber.
1-4 Optimum hypersensitization is possible in practice because the characteristic curve and its degree of linearity is a measure of the various contributions to index change.
Consistent with experiments and simulations, the causal factor for index change is relaxation of the glass structure after fast excitation, and that these relaxation phenomena are not atypical for glass relaxation generally. Therefore, the index change can be expressed in terms of the relaxation evolution of the responsible process or processes as
͑1͒
The first term describes the evolution of the positive index change where ⌬n max ϩ is the maximum value of positive index change possible, f is the fluence, f s ϩ is an equivalent saturation fluence, and ␤ ϩ is the parameter reflecting the distribution of relaxation times for all processes contributing or reducing the positive index change minus those responsible for the negative index change, or onset of solarization. Likewise the second term reflects those index change profiles where solarization is important and the individual parameters are analogous except where the parameters are applied to those relaxation processes contributing to the negative index change rather than the positive. The terms have been separated since experimental evidence indicates they are not strongly coupled in the initial stages but with continued exposure the onset of negative index changes can be characterized by an effective threshold, 36 which can be adjusted by applied tension. 29 When a threshold is clearly delineated,
For a considerable number of processes, including optimal hypersensitisation, the onset of solarization occurs outside of the practical fluence regime of device manufacture and can be ignored. This is not true for processes involving an additional applied external field such as stress where the solarization threshold is dramatically reduced. 29, 35 Fortunately for strong glass formers like silica, ␤ is independent of temperature. 25, 27 When a single relaxation process is involved, ␤ϭ1. This in principle enables a straightforward determination of rate constants for the relaxation processes through kϭ1/ϭ( f p ϫrr)/ f s , where 1/ is the overall rate constant for the particular index change being studied, f p is the fluence per pulse of laser excitation source, rr is the repetition rate, and f s is the equivalent saturation fluence. Until recently, most work has been done with pulsed exciplex sources such as ArF ͑193 nm͒ and KrF ͑248 nm͒ lasers. For a CW source, such as the now common frequency doubled Ar ϩ laser ͑244 nm͒, the fluence per second is employed.
III. HYPERSENSITIZATION AND LASER EXCITATION OF A SINGLE RELAXATION PROCESS
In this paper relaxation arguments are restricted in terms of fluence since this is the most closely aligned with relevant experimental parameters. Further, the general use of characteristic curves studied to date has been in photochromic areas where optical density or absorption is measured, and is generally associated with fluence. On the other hand, for the study of relaxation parameters is glass, the general literature is accustomed to time parameters; for example, in annealing studies the time constants are generally used. 8, 25, 27, 37 Whilst it is relatively straightforward to interchange between the two if necessary, there is one notable aesthetic advantage of using energy terms such as fluence. Unlike most relaxation processes that involve heating and are therefore highly dispersive (␤ 1), those related to laser excitation can be extremely site specific-in other words, actually accessing individual relaxation processes, thermal or electronic, can in principle be achieved. This is what hypersensitization doesisolate the contributing index change to one ͑or a minimum number if not possible͒ dominant contribution, thereby removing or reducing undesirable contributions. The advantages of this approach were already briefly described in the Introduction.
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By way of example, Figs. 2 and 3 show the characteristic curves for induced average index change and index modulation obtained for writing gratings at 244 nm ͑CW fluence ϳ1.4 mJ s Ϫ1 ͒ in boron-codoped germanosilicate ͑ϳ12 mol % GeO 2 ) optical fiber under three conditions: pristine fiber, 355 nm optimally hypersensitized fiber ͑cumulative pre-exposure fluence ϳ8 kJ/cm 2 ͒ and for well overhypersensitized fiber ͑cumulative pre-exposure fluence ϳ20 kJ/cm 2 ͒. No saturation in average index is observed over typical fluences required to write gratings. At the near-optimal value hypersensitization fluence, the curve can be reduced to two linear fits indicating two processes are contributing to the index change although each dominating at different times. The 355 nm process has not been optimized to completely remove a contribution that reduces the induced index change at low fluences, thought to arise mostly from photochromic contributions. 4 For practical use the grating writing is carried out in the second regime. The approach towards linearization of this process demonstrates a remarkable flexibility of laser processing in targeting individual relaxation processes through defect specific absorption separating, by an initial short time scale exposure in the presence of hydrogen, various contributions that would ordinarily be present.
1-4 This complexity of normal grating writing in the presence of hydrogen is a result of exposure on a large time scale compared to hypersensitization. Thus, temporal scales, in addition to spatial ones, can play a major role in the relation between dimension and complexity. 22, 23 Hence, the characteristic curve enables a visual method of separation of complex contributions based on a separation of time scales as well as a separation of processes achieved by site-specific laser targeting. Even in an extremely complex optical fiber system where stresses and hydrogen are present, it has been possible to demonstrate substantial progress to accessing and manipulating single relaxation processes, an example of genuine laser engineering of materials such as glass. The alternative use of post-thermal annealing by specific laser absorption, for example, of an already induced index change has been proposed and attempted but individual site annealing and therefore relaxation has not been demonstrated. 38 This can be explained by the observation that nonselective absorption into silica bonds ͑such as excitation by CO 2 laser 38 ͒ generally produces heat that anneals other sites and therefore cannot be site selective. In contrast excitation by short wavelength laser light ͑or by multiphoton absorption of longer wavelengths 39 ͒ directly into specific defect sites, or specific bonds, can enable local relaxation which leads to singular or a minimal few relaxation-driven change in the local index and eventually changes in the collective network index ͑particularly after solarization takes place since the contribution of fields such as stress from the core-cladding region are nonlocal͒.
Whilst the advantages of hypersensitized fiber Bragg gratings have been catalogued in the Introduction, some of the specific features more closely related to this process are often overlooked. For example, although the average effective index change is lower ͑since the contribution from other factors have been minimized if not removed altogether͒, this does not lead to weaker gratings. On the contrary, the improved localization of ⌬n as a result of removing other index contributions and focusing on one mainly localized contribution leads to higher Bragg grating strengths- Fig. 3 , which shows the index modulation amplitude, ⌬n mod , as a function of CW 244 nm fluence. Figure 4 shows the evolution of the resulting fringe contrast, 2⌬n mod /⌬n , as a function of fluence. Evidently, more efficient use of available index change is achieved.
In Fig. 3 the over hypersensitized fiber saturates beforehand and the observed rollover is indicative of solarization that is not sufficiently substantial to observe in Fig. 2 . This is an additional reason why the more sensitive index modulation vs the natural logarithm is preferred when studying changes during exposure or during annealing of waveguide gratings, for example. It is also the direct measurand usually monitored during grating manufacture-a process that could in principle be removed altogether in mass manufacture if the grating evolution was linear and predictable. In contrast to both pristine and overhypersensitized cases, the optimally hypersensitized grating is growing in a desirably linear fashion. Therefore, in addition to the improved grating strength, a suitably linear dynamic range with no upper limit for the grating strengths over the employed fluence range has been achieved. With increasing fluence the full utilization of the average index change towards the index modulation is almost 100% ͑Fig. 4͒. This has an enormous benefit for grating manufacture, automated or otherwise, in terms of reliability and reproducibility. From expression ͑1͒ it is possible to extract the relaxation constant, kϭ1/, of the optimally hypersensitized fiber in a straightforward fashion,
͑2͒
For the example given above, using the average index growth in the second half, the measured rate constant is k ϭϳ6ϫ10 Ϫ7 s Ϫ1 . This is a comparatively fast relaxation process compared to those typically obtained for thermal annealing of hypersensitized fiber ͓ϳ1.3ϫ10 Ϫ21 s Ϫ1 ͑Ref. 8͔͒ as might be expected since the laser excitation has created on a pico-and femtosecond time scale a local zone of high energy and instability more extreme from the differences that are typically involved in dispersive thermal annealing. Local cooling and hence structural relaxation is therefore going to be relatively rapid. In an ergodic system such as glass the initial starting point does not directly determine the density and index of the final structure. This speed is also partly anticipated on the grounds that the longer the relaxation time the greater the chance that other processes can be involved and the less likely the opportunities for obtaining a linear characteristic curve.
IV. CONCLUSIONS
The significance of the characteristic curve as a powerful tool for understanding and exploiting photosensitive index changes has been elucidated. The almost universal characteristic curve generally used to study photochromic changes is indicative of behavior largely independent of microscopic details of specific photosensitive media. This is an example of an ''ergodic'' system property, or emergent law, which in its own right exemplifies the notions introduced in Refs. 22, 23 , and challenges attempts to develop a universal equation to describe and predict photosensitive component properties. Consequently, in glass systems constrained by numerous factors, related to fields such as stress and other emergent parameters, the characteristic curve offers additional insight into understanding the processes involved. Towards that end the characteristic curve has enabled the access and monitoring of a single relaxation process within a glass triggered by essentially site-selective laser excitation. Hypersensitization is one example that utilizes this to offer significant advantages to devices such as Bragg gratings that make use of glass photosensitivity. This offers a powerful tool for understanding and controlling the physical and photochromic properties of glasses designed for numerous devices and the ability of laser-excitation to induce fast and specific relaxations potentially opens a new area of laser chemistry.
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